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Introduction
Issues concerning greenhouse gas (GHG) emission and global warming have received a great deal of attention in the recent years. As per the Kyoto Protocol signed in 1997, the industrialised countries, which have historically been mostly responsible for increase in GHG concentration, agreed to reduce the flow of their GHG emission by 5.2 percent below the level prevailing in 1990. While the developing countries do not yet have any binding commitment, there is a realization that large developing countries such as China and India need to take some action in this regard since they are among the large contributors to incremental emissions. Any commitment by India towards reducing emissions would mean that all the sectors in the economy would have to make efforts for reducing their respective GHG emissions so that the national emission targets are met.
Power sector in India is one of the largest emitters of carbon dioxide (CO 2 ) in the country accounting for about 35.53 percent of the total CO 2 emissions in the year 2001-02 (see Table 1 ).
The main reason for such a high share is its heavy reliance upon coal. About 81.7 percent of the total power generation by the utilities in the country in the year 2000-01 was from coal (GOI, 2002) . In addition, the coal burnt in the thermal power plants in the country is of inferior quality thereby resulting in an even higher level of emissions.
1 Thus, in near future if India were to participate in any international effort towards mitigating CO 2 emissions, the power sector, which is one of the largest emitter of carbon dioxide in the country, would be required to play a major role.
In this context the present study analyses the potential costs imposed on the coal fired thermal power plants, one of the main sources of CO 2 emissions in India, by the implementation of environmental regulation. More specifically the study aims to estimate the marginal abatement costs, which corresponds to the costs incurred by the power plants to reduce one unit of carbon dioxide from the current level. The present exercise, therefore, seeks to derive the 'shadow prices' of reducing carbon dioxide emissions generated by the thermal plants in India. It thus attempts to provide an answer to the question: how much does it cost the thermal plants in India to reduce CO 2 emission in terms of foregone output or revenue? These estimates are expected to help in formulating environmental policies. The marginal abatement costs thus obtained would 3 provide guidance on whether the current regulation on pollution satisfies the cost-effectiveness criterion which is based on the principle of marginal abatement costs be equal across individual power plants (Baumol and Oates, 1988) . It is being recognized by the developed world that the marketable emission permit system is a more efficient way of regulating pollution. The unit price of a marketable emission permit would be equivalent to the derived marginal abatement costs (Baumol and Oates, 1988; Titenberg, 1985) . Consequently, these estimates of marginal abatement cost could be used to predict the price level of emission permits to be introduced. Theoretical framework of the study is based on production theory and in particular on the distance function approach. The distance function (also known as the gauge function, transformation function, or deflation function) identifies a boundary or a frontier technology, which contains all observation on one side of the frontier and minimises a suitable measure of the total distance of all observations from the frontier. Although the basic ingredients of the theoretical framework on which the distance function is based was known long ago owing to the works of Debreu (1951) , Malmquist (1953 ), and Shephard (1953 , 1970 , its application became popular only in the recent years by the works of Rolf Färe, Shawna Grosskopf and others. The methodology based on distance function framework was first developed by Färe et al.(1993) and applied by Coggins and Swinton (1996) to the US coal burning utilities. Hetemäki (1996), Kwon 4 and Yun (1999) , Murty and Kumar (2002) etc. have also used the technique to derive the shadow prices of reducing the undesirable outputs. The main advantage of using the distance function approach over the conventional ones i.e., the production, cost, revenue and profit function is its computation requiring only quantity data. This feature is of particular importance in the field of environment economics since price data related to environmental compliance costs are often not available or are unreliable.
The present study uses the output distance function and its duality with the revenue function to derive the marginal abatement costs or the shadow prices of reducing CO 2 emissions for a sample of coal fired thermal power plants in India. The remainder of the paper is organized as follows: the next section provides a theoretical model for estimating the marginal abatement costs. It also describes the methodology for deriving marginal abatement costs using an output distance function approach. Section 3 highlights the procedure for the empirical estimation of the model while Section 4 provides information on the data used and also discusses the estimation procedure. The estimated results are presented in Section 5. The final Section 6 concludes by summarizing the main results of the study.
Theoretical Model
The conventional production function is defined as the maximum output that can be produced from a given vector of inputs. The distance function generalizes this concept to a multioutput case and describes how far an output vector is from the boundary of the representative output set. We can define the output distance function in terms of the output set P(x). Suppose that a producer employs the vector of inputs
to produce the vector of outputs
are non-negative N and M dimensional Euclidean spaces, respectively. The plant technology captures the relationship between the inputs and outputs and is described by the output set ) (x P . The output set P(x) denotes all output vectors that are technically feasible for any given input vector x, i.e.,
The output set is assumed to satisfy certain axioms, the details of which can be seen in Färe (1988) . The output distance function is defined on the output set P(x) as
The above equation measures the largest radial expansion of the output vector y, for a given input vector x, that is consistent with y belonging to P(x). The value of the output distance function must be less than or equal to one for any feasible output. The axioms regarding the output set P(x) impose a set of properties 2 on the output distance function some of which are as follows:
i.e., there is no free lunch. To produce outputs one requires inputs.
i.e., inaction is possible. No output is possible from positive inputs.
i.e., more the inputs the less efficient would the production be.
i.e., positive linear homogeneity.
is convex in y.
Of particular interest for our purpose is the disposability properties of the technology with respect to the output, especially the undesirable outputs. We assume that such outputs are 
Let r = (r 1 , r 2 , …… r M ) denote the output price vector. Using the output set concept we can now define the revenue function in the lines of Shephard (1970) , and Färe and Primont (1995) as
The revenue function describes the maximum revenue that can be obtained from a given technology at the output price r. The revenue function, like the distance function, completely describes the production technology. Shephard (1970) showed that the revenue function and the output distance function are dual to one another. So,
Thus the revenue function can be derived from the output distance function by maximising revenue over output quantities, and the output distance function can be derived by maximising the revenue function over output prices. This duality between the output distance function and the revenue function can be used to derive the shadow prices of the outputs. These are relative output shadow prices and in order to obtain absolute shadow prices additional information regarding the revenue is required (Färe et al 1993) . In order to derive the shadow prices of outputs we assume that both the revenue and distance functions are differentiable. We follow the methodology used by Färe et al (1993) to derive the shadow price of the undesirable output. Let m′ output be the undesirable output. In order to derive the shadow price of the undesirable output it is assumed that the price of at least one of the desirable output (say, the m th output) is known and is equal to its shadow price, As can be seen from equation (vi), the shadow price of the m′ output (the undesirable output) is given by the product of the market price of the m th output (the desirable output) and the marginal rate of transformation. This, in turn, is equivalent to the value of the foregone desirable output associated with the reduction in one unit of the undesirable output. In the above equation the ratio of the output shadow prices reflects the relative opportunity cost of the output in terms of the revenue foregone. In other words, it is equivalent to the marginal rate of transformation between the outputs. Thus the shadow prices reflect the trade-off between the desirable and undesirable outputs at the actual mix of outputs. Derivation of the shadow prices of undesirable output as given by equation (vi) is based on the assumption that the production is occurring at the frontier of the output set. But if the production firms lie within the output set and not on the frontier (i.e., for such firms the value of the output distance function is less than one) then there might be some problem in estimating the shadow prices. To resolve the problem of estimating the shadow prices for such inefficient firms one can proportionately increase all the outputs so that they are on the frontier. Such proportionate scaling of the outputs will have no affect on the shadow prices as the output distance function is homogeneous of degree one in outputs and therefore its derivatives with respect to the outputs as shown in equation (vi) are homogeneous of degree zero. Thus, regardless of the location of the observed production combinations, the shadow prices can be derived through an estimated output distance function by using the actual data of the inputs and outputs -both desirable and undesirable (Kwon and Yun, 1999) .
The Empirical Model
The present study uses the deterministic parametric method 3 for estimating the output distance function. The objective of such an exercise is to analyse the potential cost, if any, imposed on the coal fired thermal power plants in India by the implementation of environmental regulation. Thus, the objective is to estimate the shadow price of reducing CO 2 emissions (the undesirable output) expressed in terms of the value of electricity generation (the desirable output) foregone for a sample of coal fired thermal power plants in India by using the output distance function and its duality with the revenue function.
In order to derive the shadow prices by estimating the deterministic parametric output distance function we have to initially define its functional form. We choose to parameterise the
as a translog function, as has been followed in the literature (see studies by Althin, 1994; Färe et al, 1993) . Thus, The parameters of the equation (vii) are computed by using the linear programming technique as suggested by Aigner and Chu (1968) . Theoretically the value of the output distance
cannot exceed unity and it must be less than or equal to one (assuming there are no measurement errors). Formally,
indexes individual observation. By adding a non-negative error term,
denotes the non-negative residual or the error term. 4 Next we choose the 'fitting' criterion to be the minimum absolute error (MAE), i.e., 0 ,
so that the sum of errors is as small as possible (Hetemäki, 1996) . The parameters of the translog output distance function can be obtained by solving the following problem:
has an explicit functional form as given by equation (vii). We assume that the first i outputs are desirable while the remaining ) ( i M − outputs are undesirable or bad outputs. The objective function minimises the sum of deviations of individual observations from the frontier of the technology. We know that the distance function takes a value less than equal to unity, therefore the natural logarithm of it i.e., ) , ( ln
will be less than or equal to zero and the expression ] 1 ln ) ,
which denotes the deviation from the frontier for observation k will be less than or equal to zero.
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Our objective is to maximise the expression in equation (x) subject to the following constraints
This constraint restricts the individual observations to be either on or below the frontier of the technology i.e., there are no outputs outside the frontier of the technology, given the set of inputs.
Desirable outputs are assumed to be strongly disposable, which implies that the output distance function should be increasing in desirable outputs. The strong disposability condition can be represented by the following inequality:
The constraint above ensures that the shadow prices of the desirable outputs are non-negative. In addition it is assumed that both the outputs are weakly disposable. This weak disposability is always satisfied for the output distance function specified as the translog form when linear homogeneity condition represented by equation (xiv) and the symmetry conditions represented by equation (xv) are being imposed. Therefore, one requires no additional constraints when the restrictions denoted by equations (xiv) and (xv) are imposed (Kwon and Yun, 1999) .
The weak disposability of undesirable outputs implies that the desirable output decreases when the emission of the pollutants or the undesirable outputs is reduced. The following assumption satisfies the criterion of weak disposability of the undesirable output:
In addition to the above constraints we also impose the homogeneity and symmetry constraints into the model which can be represented as 
represent the model we shall use to derive the shadow prices of the undesirable output. The model is solved using the GAMS programming tool.
Data and Estimation Procedure
The empirical analysis is based on primary data collected from the coal fired thermal The other important inputs in the generation of electricity are capital and labour. In the present study we have used the plant capacity in megawatt (MW) as the capital variable following Kwon and Yun (1999) . The data on labour input cover both production and nonproduction (white-collar) workers employed in the plant.
Outputs:
The output variable consists of both desirable and undesirable outputs. While electricity generated by the thermal plant is the desirable output and is measured in Megawatt hours (Mwh), CO 2 emission is the bad output. We have used for the desirable output the plant-wise electricity generation data which was made available by the WBSEB, DVC and CESC for their respective thermal plants for the period 1990-91 to 1999-2000.
Coal is burnt to generate electricity in the thermal plants. Since in coal carbon is bundled with ash, carbon, sulfur etc., its burning results in the emission of carbon dioxide, particulate matters, NO x , etc., in the atmosphere as pollutants. The emission of these pollutants in the atmosphere can be regarded as the byproduct of electricity generation, and thus is considered as the undesirable output. The present study considers carbon dioxide as the only undesirable output. The data relating to the emission of CO 2 are not readily available, as most of the thermal plants in India still do not measure the emissions of CO 2 . As a result we have used the data on fuel consumption for generating the data on CO 2 emissions. Having obtained the plant wise data on the consumption of coal and fuel oil or LDO, the emission factors of various fuels given by IPCC (1995) was used to derive plant wise total CO 2 emissions. We also collected data on the calorific value of coal consumed by the thermal plants in the sample and found that the coal supplied to these thermal plants is of a higher grade and has a higher calorific value vis-à-vis those used in most thermal plants in India. In the present study while calculating plant-wise The descriptive data on the inputs and outputs are given in Table 2 below. The standard deviations for all the variables are less than their mean values, indicating that the plants are a relatively homogeneous group (Hetemäki, 1996) . Electricity Prices: In order to derive the shadow prices of the outputs, market price of at least one of the output is necessary. As there exists no market for the undesirable outputs we do not get the prices for these. Therefore, in order to derive the shadow prices of the undesirable outputs we need to know the price of the desirable output, which in the present case is electricity. The data on electricity tariffs i.e., the sale price of electricity is taken as the price of electricity and is obtained from CESC, DVC and WBPDCL for their respective plants for the different years.
It should be noted here that as the data on CO 2 emission used in the present exercise is generated from the consumption of fossil fuels by the thermal plants it cannot be used for econometrically estimating the output distance function. Hence the present study uses the deterministic linear programming technique to derive the shadow prices of undesirable output. 8 The estimated parameters of both the models are presented in Table 3 . Thus there is a considerable scope of increasing the electricity output if these plants were to operate efficiently. Similarly, there is a wide variation in the mean value of the output distance function and the mean value of the marginal abatement costs of CO 2 across years as is seen in Table A3 in the appendix.
In both the models there is wide variation in the marginal abatement cost across plants.
Even for a particular plant there are variations in the shadow prices across different years (Refer   to Tables A4 and A5 It would be meaningful to statistically test whether the equi-marginal principle is satisfied for power generation sector in the country. To secure a minimum number of observations for a statistical test, we divide the sample into two periods of 1990-91 to 1994-95 and 1995-96 to 1999-00 . The hypothesis to be tested is that the marginal abatement costs for CO 2 are same within the sub-samples. For this end, after ordering the marginal abatement costs for CO 2 , we separate each sub-sample into two groups of high and low marginal abatement costs. Using a ttest, we test whether the mean of high-cost group is different from that of low cost group. The results of the test are shown in Table 5 . From Table 5 it is evident that for both the sub-samples, the hypothesis is rejected at 1 per cent level of significance, thereby implying that the equimarginal principle does not hold for environmental regulations pertaining to CO 2 emission in the Indian power generation sector. Thus, the CO 2 emission reduction is not being achieved in the least cost way. We define the ratio of total CO 2 emissions to electricity generation as our index of efficiency. As per the definition an efficient plant is associated with a lower value of this ratio because it would emit less of CO 2 per unit of electricity output generated. In other words the higher the ratio the less efficient the plant is and vice-versa. On the basis of the index of efficiency and the estimated shadow prices, the present study gets the expected result that the higher efficiency is associated with a higher value of the shadow price of CO 2 . This means that the marginal cost of abating CO 2 emissions is high for a clean and efficient plant while for a dirty and inefficient plant it is low. The estimated relation between the estimated shadow prices and the efficiency index is given in Table 6 . From the estimated relationship between the marginal abatement costs and efficiency index one can infer that, for the sample of thermal plants, the marginal cost of abatement of CO 2 increases with the increase in the efficiency of the plant. That is, it becomes increasingly difficult or expensive for a plant, which has invested in pollution abating technology or equipment and is emitting less of CO 2 per unit of output to reduce an additional unit of the pollutant vis-à-vis plants that emit more CO 2 per unit of electricity generation. Thus, for a given level of output the less one pollutes, the higher will be the cost of reducing an additional unit of the pollutant and vice-versa.
Conclusion
There have been a number of studies for India, which have applied the output distance function approach to calculate the shadow prices of the undesirable outputs. These studies mainly relate to water pollutants like BOD (biological oxygen demand), COD (chemical oxygen demand), and SS (suspended solids) (Refer to studies by S. Kumar 2001, 2002) . The present study is one of the few to use the output distance function technique for the coal fired thermal plants in India and perhaps the only one to calculate the shadow price of CO 2 emissions for the power sector India. The only other study that uses the output distance technique to calculate the shadow prices of the pollutants emitted by the power plants in India, is Kumar (1999) which uses both deterministic and stochastic output distance function technique to derive the shadow price of (PM 10 ) for the power plants in India. Apart from the studies relating to India, numerous other studies have also been carried out worldwide to derive the shadow prices of the pollutants using the output distance technique. Appendix Table A6 displays the results of some of the studies that use the output distance function technique to derive the shadow price(s) of pollutant(s) for the power sector.
The present study uses the output distance function approach and its duality with the revenue function to calculate the plant specific shadow prices of CO 2 , for the coal fired thermal power plants in India. A distinguishing feature of this framework is that it provides a measure of productive efficiency for each producer. The output distance function technique, since it allows shadow prices to vary across producers, can reveal a pattern of variation by production techniques, by other plant characteristics like the age of the plant, volume of pollution etc. This type of information would be helpful for policy makers in designing or formulating policies to reduce carbon dioxide emissions.
Economic theory suggests that equalization of the marginal cost of abatement across the firms would minimise the total cost of abating the pollutants at an aggregate level. the current environmental regulations in India do not achieve cost minimisation condition.
Therefore it would be expected that the introduction of environmental/pollution taxes, input taxes or tradable pollution permits which are highly market oriented and incentive-based would achieve reduction in social costs.
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As regards the relationship between efficiency of the power plants defined in terms of CO 2 emissions per unit of electricity output generated and marginal cost of abating CO 2 is concerned the results of the study indicate that there exists a direct correlation between the two.
This implies that a relatively efficient plant is associated with a higher marginal cost of abating CO 2 . In other words, it becomes increasingly difficult for a plant, which emits less CO 2 per unit of its good output to reduce an additional unit of CO 2 vis-à-vis plants that are less efficient and hence emit more CO 2 per unit of good output. That is, the marginal abatement cost increases with the efficiency of the thermal plant. Note: The shadow prices or the marginal abatement costs are at 1990-91 prices. Note: The shadow prices or the marginal abatement costs are at 1990-91 prices. 
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